We report on the maskless epitaxial lateral overgrowth (ELOG) of the AlN layer on trench-patterned AlN/sapphire templates by metal-organic chemical vapor deposition (MOCVD). With a two-phase growth of different V/III ratio at a relatively low growth temperature of 1250°C, up to a 7.3-μm-thick high-quality crack-free AlN film with a threading dislocation density of 8 × 10 8 cm -2 was obtained. Compared with the 0.9-μm AlN film grown on a planar sapphire substrate, the ELOG-AlN film has a lower dislocation density and a much better strain state, regardless of its 7.3-μm thickness. Compared with the single low V/III ratio growth, the two-phase growth method can lead to a coherent coalescence at the second growth stage and hence suppress new dislocations generating at the coalescence fronts. Stimulated emission was observed from Al(Ga)N multi-quantum-wells laser grown on the ELOG-AlN template with low dislocation density. The deep-ultraviolet laser (DUV) on these templates exhibited lasing at 263.3 nm with the spectral linewidth of 1.29 nm and threshold pumping power density of 2.7 MW/cm 2 at room temperature.
Introduction
AlGaN-based deep-ultraviolet laser diodes (DUV LDs) have attracted increasing attention for their wide range of applications including water and air purification, medical diagnostics, bio-agent detection, and gas sensing [1] , [2] . Up to now, no electrical pumped laser below 336 nm has been demonstrated due to difficulty in achieving high p-type conductivity of Al-rich AlGaN films as the high activation energy of Mg acceptor in high-Al-mole fraction AlGaN [3] , [4] , although optical pumping DUV lasers have been achieved on foreign sapphire substrates [5] . However, owing to the remarkable lattice mismatch between the sapphire and AlGaN epitaxial layers and the low surface mobility of the Al species on the growth surface, DUV LDs structures always present high threading dislocation density (TDD), which act as nonradiative recombination centers and thus reduce the efficiency of DUV LDs.
Epitaxial lateral overgrowth (ELOG) on masked templates has been proved to be an effective way to further reduce the threading dislocation density in GaN epitaxy [6] , [7] . However, it is not so feasible for AlN and Al-rich AlGaN materials, because the Al atom have a high sticking coefficient, and they tend to stick to the mask materials to form nuclei for subsequent growth [8] . Instead, maskless ELOG method turned out to be more preferable for the growth of AlN film [9] - [16] . Besides, the ELOG technique allows the epitaxy of crack-free AlN films with a much higher thickness compared with the common AlN epitaxy on planar sapphire substrates [13] , [17] , which has better thermal management in the devices level [18] , [19] . The thick crack-free and high-quality AlN films can provide good basis for developing efficient DUV LDs. Several groups have reported on the reduction of TDD in planar AlN/sapphire templates driven by growth V/III ratio modification [20] - [23] . However, until now most of the studies on AlN ELOG were performed with single growth V/III ratio through the whole lateral overgrowth process based on high-temperature growth above 1350°C [13] - [15] , [24] - [28] . In order to obtain fully coalesced and high quality ELOG-AlN layer by utilizing the advantages of low V/III ratio growth and high V/III ratio growth during the AlN ELOG at relatively low temperature, it is necessary to further investigate the effects of two-phase or even mutil-phase growth method on the crystalline quality of ELOG-AlN layer.
In this paper, we present the research on the maskless ELOG of AlN layer on patterned cplane AlN/sapphire templates by metal-organic chemical vapor deposition (MOCVD). The lateral overgrowth rate as a function of the V/III ratio was investigated. By a two-phase growth method combined with the optimized V/III ratio during the growth, a 7.3-μm thick high-quality and crack-free AlN template was obtained. This growth method is considered to integrate the advantage of low V/III ratio growth and high V/III ratio growth. Finally, the stimulated emission at 263.3 nm has been demonstrated from the AlGaN-based multi-quantum-wells (MQWs) laser grown on the high-quality ELOG-AlN template.
Experimental Details
The Al(Ga)N material growth process was carried out in a homemade low-pressure MOCVD system. Trimethylaluminum (TMAl), trimethylgallium (TMGa) and ammonia (NH 3 ) were aluminum, gallium, and nitrogen sources, respectively. Hydrogen was used as the carrier gas. First, 0.9-μm-thick AlN layer was deposited on the 2-inch c-plane sapphire substrates. This 0.9-μm AlN layer growth started with a 25-nm low temperature AlN buffer layer at 550°C (detected from the wafer susceptor by the infrared thermometer) with V/III ratio of 3000, and then the temperature rose to 1200°C to finish the whole 0.9-μm AlN growth using V/III ratio of 1150. Trench-patterns were then fabricated on this AlN layer. The wafer was patterned by standard photolithography procedure and inductively coupled plasma etching was used to form 3.2-μm-wide mesa, with 1.8-μm-wide and 0.8-μm-deep trench along the AlN [1100] direction.
The patterned AlN/sapphire templates were then re-loaded into the MOCVD chamber to carry out ELOG. Four wafers were grown at almost the same conditions except the V/III ratio, that is, V/III ratio of 320, 380, 580, and 1150. The V/III ratio was controlled by adjusting the TMAl flux while maintaining the NH 3 flux constant. The AlN lateral growth rate at different V/III ratios was extracted from this comparative study. Based on this, a two-phase growth method was developed to combine the low V/III ratio growth and high V/III ratio growth. Specifically, in the two-phase process, the first 120 min of the growth was done at a V/III ratio of 380 and then followed by the second 150 min growth at a high V/III ratio of 1150. During the growth, the TMAl mole flow was kept between 20 and 70 μmol/min, and the NH 3 was 0.5 slm. The growth temperature and reactor pressure during lateral overgrowth of AlN were kept at 1250°C and 50 Torr, respectively. Fig. 1 shows the schematic diagram for Al(Ga)N MQWs laser grown on the ELOG-AlN template. The Al(Ga)N MQWs structures were directly grown on the ELOG-AlN template at 1080°C consisting of six pairs of 2.5 nm Al 0.6 Ga 0.4 N quantum wells and 9 nm AlN barriers, and the whole growth structure was finished with a 60 nm AlN cap layer for surface passivation and optical confinement. 
Results And Discussion
By measuring the coalescence thickness and the trench width, the lateral growth rate can be calculated. In Fig. 2 the rate of lateral overgrowth is plotted as a function of V/III ratios. Generally, the lateral overgrowth rate increases when reducing the V/III ratio, because of the decreased Al diffusion barrier E and thereby the increased diffusion length λ of Al atoms on growth surface [12] . This is consistent with the results reported by Kueller et al. [25] . At the higher V/III ratio of 1150, the lateral overgrowth rate was remarkably decreased and full coalescence was not achieved even for a total layer thickness of 7.5 μm. Fig. 2 also presents the full width at half-maximum (FWHM) values of (0002) and (1012) reflections of ELOG AlN grown at different V/III ratios. The ELOG AlN grown at V/III ratio of 380 shows the best crystalline quality in the three samples.
The above results served as the basis to further optimize the AlN lateral coalescence process, and the thickness of the AlN epi-layer before coalescence could be controlled by adjusting the V/III ratio. Fig. 3 presents the cross-sectional SEM image of the AlN layer grown on trench-patterned AlN/sapphire templates by the two-phase growth method with different V/III ratios. The white dashed line shows the position where the growth conditions were changed from low V/III ratio to a high V/III ratio. The cross-sectional view image clearly shows the AlN lateral overgrowth profile along the [1120] direction. The ELOG-AlN layer was completely coalesced after 6 μm. The total thickness is up to 7.3 μm. It should be emphasized that this AlN layer had a crack-free surface. As a comparison, the thickness of crack-free AlN layer directly grown on planar sapphire is less than 2 μm. One can easily notice the triangular voids with height of 4 μm formed upon the trenches. These voids are considered to be essential to achieve the 7.3 μm-thick crack-free AlN. These triangular voids in ELOG AlN demonstrated an obvious change in the shape: corresponding to the low V/III ratio growth phase, there is a clear triangular shape, while in the high V/III ratio growth phase, the coalescence is delayed, and the coalescing facets propagate vertically, almost parallel to each other.
The typical XRD rocking curves of the 7.3-μm thick ELOG-AlN layer on patterned AlN/sapphire templates are shown in Fig. 4 . The FWHM values of (0002) and (1012) reflections are 177 and 448 arcsec, respectively. It is comparable to the FWHM values based on ELOG by high temperature growth above 1400°C [15] , [16] . The total dislocation density is calculated to be at the order of 10 9 cm -2 by the method reported in [29] . The FWHM for (0002) and (1012) rocking curves of the 0.9-μm-thick AlN layer which was used to fabricate trench-patterned AlN/sapphire templates are 67 and 694 arcsec, respectively. Compared with the 0.9-μm-thick AlN layer, the crystalline quality of the ELOG-AlN has improved. These results proved that ELOG could be an effective way to reduce the dislocation in AlN epi-layer, which would be proved later.
To further study the dislocation behavior in the AlN film, TEM characterization was carried out. Fig. 5 shows the bright-field cross-sectional TEM image of the ELOG-AlN grown on trench-patterned AlN/sapphire templates with g = [1120]. It is clear from the TEM image that high density threading dislocations generate from the AlN/sapphire interface and then spread upward in the support mesa regions. Many dislocations over the mesas region are observed to be looped and got annihilated, which is in agreement with the results in [15] , [24] , and [26] . Just as important, there are far fewer observable threading dislocations in the lateral overgrown areas of ELOG-AlN. These two reasons lead to the ELOG-AlN layer with lower total TDD compared with the 0.9-μm-thick AlN layer. The estimated TDD from the TEM measurements is 8×10 8 cm -2 , which is comparable to the TDD reported previously [13] , [25] . New dislocations are generated at the coalescence fronts owing to wing tilts and stress relaxation [17] , [25] , which leads to the FWHM value for (0002) reflection of ELOG-AlN layer increased compared with the 0.9-μm-thick AlN layer.
A simplified schematic diagram is adopted to reveal the coalescence behavior in ELOG AlN process with different V/III ratios, as shown in Fig. 6 . For the two-phase growth, at the beginning Ferdinand-Braun-Institut 1300-1400 190 [16] , [25] , [26] , [32] This study 1250 380 and 1150 of the epitaxial lateral overgrowth cycle, we preferred using relatively low V/III ratio of 380, which contributed to a high lateral growth rate and a quick coalescence, thus the parasitic growth in the trenches was suppressed [17] . When we increased the V/III ratio to 1150, the lateral growth rate of AlN was accordingly reduced and coalescence of domains that are normal to the substrates leads to coherent coalescence, which was beneficial for suppressing new dislocations generating at the coalescence fronts [17] , as is shown in Fig. 6(a) . It is consistent with the TEM results (marked by red arrows). For the single phase with lower V/III ratio of 380, complete coalescence of ELOG-AlN can be achieved. However, the rapid coalescence formed incoherent boundaries along the intersecting planes [30] . The incoherent coalescence induces formation of stacking faults [31] , which is depicted in Fig. 6(b) . It is worth mention that the FWHM for (0002) and (1012) rocking curves of the AlN film only using single low V/III ratio of 380 are 200 and 518 arcsec, respectively. The crystal quality of ELOG-AlN grown with one step at low V/III ratio of 380 is improved compared to the AlN layer grown on planar sapphire. However, compared with the single growth V/III ratio of 380, the two cycles of overgrowth method can further suppress new dislocations generating at the coalescence process. ELOG-AlN cannot fully coalesce even with a total thickness of 7.5 μm at the single high V/III ratio of 1150 due to the small lateral overgrowth rate [as shown in Fig. 6(c) ]. We summarize most of these important reported results on ELOG AlN in Table 1 . Previous reports on ELOG AlN almost all performed with single relatively low growth V/III ratio below 200 through the whole lateral overgrowth process [12] - [15] , [24] - [28] . In addition to V/III ratio, it is worth noting that most of the studies on AlN ELOG were based on high-temperature growth above 1350°C. ELOG of AlN at relatively lower temperature of 1250°C is challenging due to the small lateral overgrowth rate of AlN material at low temperature. Despite this we successfully obtain a fully coalesced and high-quality ELOG-AlN layer by utilizing two-phase growth method at relatively low temperature. The crystal quality of ELOG-AlN is supposed to be improved by further optimising the V/III ratios combination or using mutil-phase growth method.
We further estimated the residual stress in the 7.3-μm thick ELOG-AlN layer. Raman measurements were carried out on the ELOG-AlN layer by using shift of E 2 (high) phonon, which is sensitive to the in-plane strain in the epilayer. Fig. 7 presents the Raman spectrum of the E 2 (high) phonon mode for the ELOG-AlN layer grown on trench-patterned AlN/sapphire templates and a 0.9-μm AlN grown on planar sapphire substrates. The Raman shift peaks of E 2 (high) phonon for the ELOG-AlN layer and the 0.9-μm AlN grown on planar sapphire are clearly distinguished at 658.2 and 659.7 cm −1 , respectively. The vertical dash line indicates the stress-free frequency of 657 cm −1 [33] . Both the Raman shift peaks have an obvious blue-shift, indicating residual compressive stresses in the two samples. While the Raman shift peak of the ELOG-AlN layer is closer to the stress-free frequency, regardless of the 7.3 μm-thickness, showing better strain relaxation effects. The corresponding in-plane compressive stress (σ) for the ELOG-AlN film can be obtained according to the following classical formula [34] ω E 2( high) − ω 0 = Cσ where ω E 2 (high) , ω 0 are the Raman shift peaks of E 2 (high) phonon for the ELOG-AlN layer and the stress-free AlN, respectively. C is the biaxial strain coefficient (3 cm −1 /GPa) [35] . Based on the formula, the σ in the ELOG-AlN film and the 0.9-μm planar AlN are 0.4 GPa and 0.9 GPa, respectively.
Thanks to the AlN lateral overgrowth and the forming of the complete triangular voids upon the trench, which play a remarkable role for relieving the stress generated by the mismatch in the lattice and thermal expansion coefficient between AlN and sapphire, thus, cracking was suppressed. Epitaxial lateral overgrowth approach and the forming of voids are effective for relaxing the stress in AlN epilayers, which is beneficial for improving the stress state of its upper layers and the further growth of device structures of DUV lasers.
Stimulated emissions were successfully achieved from AlGaN MQWs grown on the ELOG-AlN template. While the same AlGaN MQWs laser grown on the 0.9-μm-thick planar AlN/sapphire templates exhibited no lasing behavior. These discrepant results are ascribed to the improvement in material quality of ELOG-AlN layer by two-phase growth method. The room temperature edge emission spectra of DUV laser under varied pumping power densities are shown in Fig. 8 . When the pumping power density was low, below the threshold power density (P th ), the edge emission spectra exhibited a broad spontaneous emission at around 264 nm with FWHM > 5 nm (pink dashed line). This spectrum is magnified by five times for better comparison with the lasing spectrum. The spectral linewidth gradually decreases with increasing pumping power density, and a sharp peak appeared for higher pumping power density than 2.9 MW/cm 2 . When the pumping power density below 3.7 MW/cm 2 , the spectra are composed of two emission peaks, which are construed to be competing lasing multimode. When the pumping power density went higher beyond the P th , stimulated emission at 263.3 nm was observed with a linewidth of 1.29 nm (blue line). Under higher excitation, the intensity of the edge emission spectra did not increase further as the increase of the pumping power density.
The room temperature spectral integrated intensity as a function of the pumping power density are depicted in Fig. 9 . The DUV laser grown on the ELOG-AlN template exhibits lasing at a relatively high P th of 2.7 MW/cm 2 . Considering the laser bars were fabricated by directly cleaving, the facets of the laser bar were potentially far from smooth due to the 30°rotation of AlGaN unit cell relative to the c-plane sapphire substrates, which is responsible for the relatively high threshold. In addition, for the excitation wavelength of 248 nm all layers except for the quantum wells are transparent. Consequently, the pumping power is only absorbed by the quantum wells, resulting in a lower carrier concentration compared to the shorter excitation wavelength. Therefore, the P th is much higher compared to the reported values pumped by excitation wavelength of 193 nm [36] , [37] . We summarize all the reported optical pumping lasing results at the DUV region from AlGaN materials on sapphire in the Table 2 . Taking into consideration that the MQWs structures design, optical confinement layers and excitation wavelength of different groups are not the same. Therefore, directly comparing the absolute values of threshold power density of different laser structures is inequitable. Not so comparable, however, is that all the stimulated emission results are based on high quality AlN material. Therefore, the P th can be further reduced by improving the crystalline quality of ELOG-AlN template, optimization of the MQWs structures, and the optical confinement layer, ameliorating the facet fabrication process.
Conclusion
In summary, maskless epitaxial lateral overgrowth of AlN layer on trench-patterned AlN/sapphire templates has been performed. A low V/III ratio was firstly used to reduce the parasitic growth and increase the lateral growth rate. Then a high V/III ratio was taken to intentionally lower the lateral growth rate and lead to a coherent coalescence, which was beneficial for suppressing new dislocations generating at the coalescence fronts. By optimization of the growth V/III ratio, we obtained a 7.3-μm thick high-quality and crack-free AlN template with 4-μm complete triangular voids, which played an important role in managing the strain in the AlN template, as well as reducing the threading dislocations density. DUV laser grown on the lateral overgrowth AlN template demonstrated lasing at 263.3 nm with the spectral linewidth of 1.29 nm and threshold pumping power density of 2.7 MW/cm 2 . It was confirmed that epitaxial lateral overgrowth AlN templates obtained by two-phase growth method had high enough crystalline quality for fabricating deep-ultraviolet lasers. ELOG-AlN templates have high crystal quality, better strain state, and favorable thermal management, which could hold great promise for achieving high-performance DUV light emitters.
